Purpose Sprays from pressurised metered-dose inhalers are produced by a transient discharge of a multiphase mixture. Small length and short time scales have made the investigation of the governing processes difficult. Consequently, a deep understanding of the physical processes that govern atomisation and drug particle formation has been elusive. Methods X-ray phase contrast imaging and quantitative radiography were used to reveal the internal flow structure and measure the time-variant nozzle exit mass density of 50 µL metered sprays of HFA134a, with and without ethanol cosolvent. Internal flow patterns were imaged at a magnification of 194 pixels/mm and 7759 frames per second with 150 ps temporal resolution. Spray projected mass was measured with temporal resolution of 1 ms and spatial resolution 6 µm × 5 µm. Results The flow upstream of the nozzle comprised large volumes of vapour at all times throughout the injection. The inclusion of ethanol prevented bubble coalescence, altering the internal flow structure and discharge. Radiography measurements confirmed that the nozzle exit area is dominantly occupied by vapour, with a peak liquid volume fraction of 13%. Conclusion Vapour generation in pMDIs occurs upstream of the sump, and the dominant volume component in the nozzle exit orifice is vapour at all times in the injection. The flow in ethanol-containing pMDIs has a bubbly structure resulting in a comparatively stable discharge, whereas the binary structure of propellant-only flows results in unsteady discharge and the production of unrespirable liquid masses.
INTRODUCTION
Despite a long period of use, much remains unknown about the physical mechanisms driving atomisation in pressurised metered-dose inhalers (pMDI). The general understanding of the device is thoroughly reviewed by Ivey et al. (20) , who note that much of the existing knowledge base used for pMDI development is empirical. Understanding of the mechanisms that determine droplet size and velocity, which are the dominant parameters governing deposition in vivo, is necessary for development of improved devices. The internal flow in Electronic supplementary material The online version of this article (doi:10.1007/s11095-017-2098-2) contains supplementary material, which is available to authorized users.
pMDIs is transient, turbulent, multiphase and multicomponent, with both heat and mass transfer between phases.
The atomisation mechanism of propellant-only pMDI sprays was the subject of experimental and numerical investigations by Clark (9) and Dunbar (13) . Summaries of these works often state that Clark (9) suggested an airblast atomisation mechanism was responsible for droplet formation, whereas Dunbar (13) attributed atomisation to flash evaporation upstream of the nozzle. A close reading suggests that the distinction between the two is commonly overstated. The source of vapour in the pMDI nozzle flow is from flash boiling, and one nozzle flow pattern of flash boiling sprays is an annular liquid film with a vaporous core (38) which is functionally identical to the flow pattern in some twin-fluid airblast atomisers (35) . Furthermore, these mechanistic investigations of propellant-only sprays are applicable to suspension pMDIs that do not contain excipients, but are of limited applicability to current marketed solution pMDIs, in which cosolvents are added to the propellant to aid drug solubility (50) . Flows of such multicomponent mixtures can differ considerably from propellant-only flows (36, 43) , which may alter the atomisation mechanism. For these reasons, it is pertinent to investigate where atomisation occurs in the pMDI, and how the atomisation is affected by inclusion of cosolvent.
Visible light techniques are poorly suited to near-nozzle measurements of many spray systems. The difficulty of studying the near-nozzle region in these systems arises from strong refraction at gas-liquid interfaces, beam steering due to temperature gradients and multiple scattering in dense droplet fields (23, 25, 39) . X-ray spray techniques have been developed that overcome these difficulties. These techniques include phase contrast imaging for visualisation of the internal flow and quantitative radiography for spray mass measurement. A review of synchrotron radiation techniques for fluid mechanics is given in Kastengren and Powell (24) . The spray density of a pMDI analogue was measured at a number of stations downstream of the nozzle with quantitative radiography (33) . Analysis of the spatial distribution of peak mass indicated that the nozzle exit orifice was predominantly occupied by vapour. Direct drug concentration measurements in sprays from this metered-dose inhaler analogue were performed with x-ray fluorescence by Duke et al. (12) . The density of the nozzle exit mixture in pMDIs has not been measured experimentally, and knowledge of the internal two-phase flow structure has to date been limited by the need for transparent analogues and by poor light penetration into the mixture (32) . X-ray phase contrast imaging provides full-field time-resolved visualisations of dense flowfields through both absorption and weak refraction of x-rays at gas-liquid interfaces (16, 40) , and also enables visualisation of multiphase flows inside opaque materials (11) .
In this paper we present x-ray phase contrast imaging of the internal and near-nozzle flows of a pressurised metered-dose inhaler. We show that the volume directly upstream of the nozzle is dominantly occupied by vapour. Nucleation occurs well upstream of the nozzle orifice and the structure in all regions visualised is a mixture of liquid and vapour. The internal flow is sensitive to the inclusion of ethanol, with a substantial change in the flow structure and dynamics resulting from this addition. The findings from the phase contrast visualisations are quantified with radiography measurements directly downstream of the nozzle exit orifice, which are used to estimate the mixture density at the nozzle exit. The density measurements enable determination of volume fractions of vapour and liquid, and reveal that the dominant component in the nozzle by volume is vapour. Commentary is provided on atomisation in pMDIs, and the differences between propellantonly sprays and those containing cosolvents. These findings indicate a new way forward for understanding the atomisation mechanisms of suspension and solution pMDIs.
EXPERIMENTAL METHODOLOGY Spray Apparatus
The spray apparatus used for these measurements was an inhouse rig to simulate pMDI use during a normal dosage event. A linear solenoid was used to insert metered canisters into a Bespak pMDI nozzle. The geometry of the pMDI is shown schematically in Fig. 1 . The solenoid was actuated for 350 ms to inject 50 µL of metered formulation. Measurements of canister weights demonstrated that this injection duration was sufficient to discharge more than 95% of the mass contained in the metering chamber. No coflow was used. Propellant and ethanol were evacuated from the test section with a suction exhaust duct located approximately 300 mm downstream of the nozzle exit.
A modified Bespak nozzle with its bowl removed was used for radiography. This allowed measurements to be obtained one nozzle diameter downstream of the nozzle exit orifice. To estimate the density of the nozzle exit flow, Mason-Smith et al. (33) measured the transverse integrated mass at several axial positions and extrapolated to the nozzle. For the present experiments, the approach used was to measure the transverse integrated mass as close as possible to the nozzle exit orifice. Comparison of phase contrast images for the flow in the modified and unmodified nozzles showed that bowl removal had no discernible effect on nozzle discharge, but was expected to affect downstream spray spreading (6) . Canister and nozzle dimensions are given in Table I. A heat exchanger was used to warm the nozzle between injections during the radiography measurements. The radiography technique required sprays to be generated at high repetition rates. Both depressurisation and phase change of the formulation removed heat from the inhaler nozzle and if uncorrected had the potential to substantially cool the nozzle. The desire to replicate typical operation by a patient merited maintaining the nozzle temperature at standard room conditions. Water at 37.5ºC in a temperature-controlled bath was circulated through an aluminium heat exchanger block. The pMDI nozzle was held in place in this heat exchanger block with conductive paste on its rear and side surfaces, across which heat was transferred. As the amount of cooling induced by each formulation used was different, different dwell times were used, as shown in Table II . Dwell times were determined from thermal imaging of the valve stem and nozzle, and were chosen to allow the nozzle front surface and external surface of the valve stem to reach the ambient temperature with a tolerance of AE5K (Fig. 2) . A level of thermal inhomogeneity in the nozzle was expected to exist with the water bath temperature and repetition rates used, and could have been reduced at the expense of repetition rate. A number of priming shots were rapidly fired before data acquisition to cool the nozzle to the operational condition.
For phase contrast imaging, an unobstructed path was required between the x-ray source, nozzle and detector. Accordingly, the heat exchanger was not used and a comparatively long dwell time of 1 min was used.
Formulations
Formulations used for this study are given in Table II . Both formulations used propellant HFA134a, and one formulation contained 15% ethanol by weight. Neither formulation contained any drug; Mason-Smith et al. (33) found that inclusion of 0.1% dissolved drug by weight had no significant effect on spray projected mass for HFA134a sprays with 15% ethanol by weight. The propellant-only formulation was representative of an excipient-free suspension pMDI and the ethanolcontaining formulation was representative of a solution pMDI.
Aluminium canisters (Prespart, UK) were manufactured with 50 µL metering valves (Bespak, UK) and contained approximately 10 g of propellant. Ethanol was pipetted to individual canisters, which were then crimped and filled with propellant to a target weight. Uncertainty of the ethanol/ propellant ratio was 3.4%. Solution vapour pressures p v were estimated using the correlations developed in Gavtash et al. (15) , which account for non-ideality of the solution (45) . Specific heats of liquid were obtained using Lemmon et al. (29) and Andreoli-Ball et al. (1) . The experiment hutch pressure and temperature were maintained at 1 atm and 25ºC respectively.
Advanced Photon Source
The 7-ID and 7-BM beamlines of the Advanced Photon Source (APS) at Argonne National Laboratory were used for phase contrast imaging and radiography experiments respectively. Experimental layouts for phase contrast and radiography measurements are shown in Fig. 3 .
Phase Contrast Imaging
X-ray phase contrast imaging was used to obtain time-resolved visualisations of the internal flow structure of the pMDI. Phase contrast imaging exploits refraction at phase boundaries and uses free space propagation to enhance these features, making it a viable candidate to image the internal flow structure of pMDIs. The resulting images are path-integrated representations of the combined beam absorption and refraction through the sample. Imaging results are presented for the sump, nozzle and valve stem. Further details of the ID beamline and phase contrast imaging can be found in Moon et al. (34) . The experimental layout is depicted in Fig. 3 (left). The beamline used an undulator to produce a high intensity 'white' (polychromatic) beam. The white beam was passed through the test section and was incident on a fast response scintillator plate. The scintillator converted some of the x-ray radiation into visible light which was imaged with a Photron FASTCAM SA4 at 7759 frames per second. Use of microscope objective optics enabled a magnification of 194 pixels/mm, and the imaged area corresponded to the full size of the x-ray beam, approximately 5 mm × 3 mm. Two-point calibration (21) was used to correct for inhomogeneous spatial illumination. Short exposure times, on the order of nanoseconds, were necessary to prevent motion blur of small dynamic features (8) . Experiments were performed during the 'hybrid-singlet' mode of the APS, in which a single bright pulse of x-rays containing four times the flux of a normal bunch lasting 150 ps is generated every 3.68 µs. The camera was time gated to capture the singlet light pulse, resulting in an effective exposure time of 150 ps (48).
X-Ray Radiography
Extensive details of the 7-BM beamline can be found in Kastengren et al. (26) . A polychromatic beam was passed through a multilayer monochromator, generating a monochromatic x-ray beam with a mean energy of 6 keV and a bandwidth of 4% ΔE E full-width at half-maximum (FWHM). This monochromatic beam was focused and shaped to a 5 × 6 µm (FWHM) spot using a pair of x-ray focusing mirrors and slits. The beam was passed through the spray in the horizontal plane orthogonal to the spray axis and was incident on a high speed PiN diode detector (Fig. 3, right) . The detector was connected to an analog antialiasing filter with a cutoff frequency of 1 MHz. The filtered output was then recorded by a Yokogawa oscilloscope at a sample rate of 2.5 MS/s. Fifteen spray records were obtained at each of 37 points spaced 83 µm apart across the nozzle exit. Spray mass traces were synchronised by monitoring start of injection timing with a freefield microphone, and were then ensemble averaged and decimated to 1 kS/s.
The spray projected mass M μg=mm 2 À Á along the path of the x-ray beam is obtained from the detector output with the Beer-Lambert law:
where μ is the absorption coefficient mm 2 =μg À Á , I is the incident intensity (photons/s) and I 0 is the incident intensity in the absence of spray (photons/s). The projected mass can be expressed as an equivalent liquid length l eq by dividing by the formulation liquid density:
Integration of the projected mass profiles gives the transverse integrated mass TIM (µg/mm):
Division of the transverse integrated mass by a crosssectional area gives a spray mixture density. This mixture density takes on meaning at the nozzle exit orifice where the cross-sectional area is known:
where d no is the nozzle orifice diameter. The average exit density can be expressed as volume fractions of vapour and 
and the liquid volume fraction α l is 1 À α v ð Þ. These volume fractions are meaningful where ρ m > ρ v , as the nozzle is filled with air at the start and end of injection.
Absorption coefficients for the formulations were obtained using data from Berger et al. (5) and are given in Table II . The absorption coefficient is a function of the composition of the spray along the beam path, as well as a correction for the ambient gas displaced by the spray (33) . Due to the small spray width in the near-nozzle region, the uncertainty associated with absorption coefficient correction for ambient gas displacement was less than 1%.
Electromagnetic interference created by the solenoid affected the radiography results. Although small in amplitude, the inteference could not be eradicated by ensemble averaging as it was not uncorrelated noise (4) . This introduced an uncertainty of approximately 0.5 µg/mm 2 for M. The mixture density ρ m was estimated using an integration over the full 3 mm measured domain, giving an uncertainty for ρ m of 20 kg/m 3 . When estimating the mixture density, the transverse integrated mass was filtered with the empirical mode decomposition of Huang et al. (19) and reconstructed using the five lowest frequency modes. This removed high-frequency noise associated with the solenoid and retained the spray mixture density variation which occurs on comparatively long time scales (22) .
RESULTS

Phase Contrast Visualisations
Phase contrast images of the flow in the valve stem, sump and nozzle are shown in Fig. 1 . The images are path-integrated representations, meaning that refraction at all phase boundaries and absorption through all matter along the beam path contribute to the resulting image. Phase boundaries are sharp edges in the images. Due to differential absorption, liquid features show up as darker, and vapour regions as lighter, enabling bubbles and droplets to be distinguished. Interpretation of phase contrast images can be difficult for highly three-dimensional flows, and for regions where large numbers of phase boundaries may obscure each other (24, 30) .
Images are presented for the propellant-only formulation in Fig. 4 and the ethanol-containing formulation in Fig. 5 . The valve stem is shown in the left column, and the sump and nozzle region in the right column. A mounting bracket obscured part of the valve stem, and appears as a black wedge at the top left of the valve stem images. Images are shown at different times after the start of injection. High-speed movies are also available online (youtu.be/R6Y66F4FlvY).
The propellant-only flow is a mixture of liquid and vapour with a structure that varies throughout the injection. The flow establishes a structure with a large vaporous core that extends from the valve stem into the sump. Liquid propellant is observed to accumulate at the base and rear face of the sump. Polydisperse bubbles exist in the liquid phase and coalesce with each other and the vapour core. Several bubbles and droplets, distinguishable by their different levels of absorption, pass through the valve stem (Fig. 4, middle and bottom, left) . Video sequences show that some bubbles nucleate at the walls of the stem and sump and coalesce with the vapour core and larger vapour bubbles.
The ethanol-containing formulation has a very different flow structure. Vapour-liquid interfaces occur on a much smaller scale than for the propellant-only case, and there is no continuous vapour core in the valve stem. Circular phase boundaries at early stages in the spray are indicative of spherical bubbles, and consequently continuous liquid separating the bubbles. Bubble size increases throughout the injection, from much smaller to larger than the nozzle orifice diameter, and ultimately to a foam-like structure (28) as the bubbles interact with each other and distort. Although nucleation of new bubbles plays a role in contributing to the increased vapour volume at later stages of the spray, the dominant contribution is from bubble expansion. Bubbles nearest the nozzle are highly distorted as they enter the nozzle orifice. When ethanol is included in the propellant, bubbles do not readily coalesce and the internal flow structure differs from the propellant-only case. Bubble coalescence can be reduced or entirely prevented by raised mixture surface tension (7) and by Marangoni stresses which are driven by surface tension gradients normal to the bubble surface (41, 47, 49) .
For both formulations, much of the volume upstream of the pMDI nozzle orifice is occupied by vapour. The flow structures for each formulation differ considerably from each other. Although occassional droplets are seen in the valve stem and sump, the bulk of the liquid upstream of the nozzle exists as a continuous phase. Atomisation of the liquid, which determines the drug particle sizes, is initiated on entering the nozzle. To highlight some features of the flow inside the nozzle and immediately outside the nozzle orifice exit, images are shown of flows in the modified nozzle in Fig. 6 . This nozzle is selected for these visualisations as the contrast in the nearnozzle region is enhanced with the reduced number of scattering surfaces along the beam path in this region. The dynamic range has been reduced to enhance the liquid-vapour boundaries and absorption through the liquid.
Propellant-only sprays of HFA134a have a Sauter mean diameter that is much larger than its number mean diameter (36) , indicating the presence of large droplets. These large droplets have also been observed experimentally [31] . The phase contrast imaging reveals that these droplets are produced when large masses of liquid are discharged through the nozzle. An example is shown in Fig. 6 (left) , where a large amount of liquid lines the lower half of the nozzle. At this time, continuous liquid feeds from the lower part of the sump, similar to the continuous liquid from the sump in Fig. 4 (right,  bottom) . The spray pattern and droplet volume mean diameter of HFA134a sprays from pMDIs are sensitive to the sump depth (46) , suggesting that cyclic accumulation and discharge of liquid propellant in the base of the sump is the source of the large droplets. For the ethanol-containing case, this process is largely suppressed and the discharge is more consistent. This is also reflected in the similarity of the number mean and Sauter mean diameters for ethanol-containing sprays (36) .
Phase contrast imaging shows that the flow upstream of and within the nozzle of the pMDI is occupied dominantly by vapour, and suggest that the atomisation mechanism is altered by the inclusion of ethanol. To quantify the extent of vaporisation in the nozzle, quantitative radiography is used and results presented in the next section.
Spray Projected Mass
The radiography technique used provides the ensemble mean time-variant spray properties. Random fluctuations, such as those produced by the passage of large droplets through the nozzle, are removed by averaging.
The ensemble mean temporal evolution of the spray projected mass at x = 0.3 mm is shown in Fig. 7 , with the transverse direction y on the vertical axis and time on the horizontal axis. The peak projected mass occurs for both formulations approximately 30-40 ms after the start of injection. Peak values of projected mass are located on the spray centreline and are approximately 12-15 µg/mm 2 . Using the formulation liquid densities, this corresponds to an equivalent liquid length l eq of around 10-12 µm, or l eq =d no = 0.03. This is much shorter than the liquid lengths for single-phase liquid sprays from plain-orifice nozzles; by way of an example, at x= d no = 1.1 for a diesel spray l eq =d no is approximately 0.85 (27) . The low values of projected mass for pMDI sprays relative to fully liquid sprays indicate that at this very short distance downstream of the nozzle orifice exit there are large voids, and only a small segment of the spray cross-section is occupied by liquid. In the near-nozzle region where little entrainment of air has occurred, it is expected that the remaining volume is occupied with vapour discharged from the spray orifice.
The estimated average nozzle exit flow mixture density ρ m is shown as a function of time in Fig. 8 . The results were obtained by applying Eqs. 3 and 4 to the transverse mass profiles in Fig. 7 . The nozzle orifice flow density shows several distinct stages for both formulations: a rapid increase in density that is representative of a filling process (0-30 ms), a pseudo-steady state (30-60 ms) and a decrease in density indicative of an emptying stage (60-175 ms). After this emptying stage, the density holds approximately constant at 25 kg/m 3 for the propellant-only case, whereas it continues to zero for the ethanol-containing formulation.
Peak nozzle exit flow mixture densities are 165 kg/m 3 for the propellant-only formulation and 135 kg/m 3 for the ethanol-containing formulation. Volume fractions of vapour and liquid are estimated with Eq. 5, using the saturated liquid density ρ l;sat and an estimated density based on the homogeneous frozen model (HFM) (10) . The vapour density depends on its degree of expansion at the nozzle. The HFM treats the vapour and liquid as a homogeneous mixture with no relative velocity, no heat or mass transfer between phases and the liquid dispersed as infinitesimal elements in the vapour. Treating the vapour as an ideal gas, the vapour density at the nozzle exit orifice ρ v is:
where γ v is the propellant ratio of specific heats c p =c v and M a is the vapour Mach number:
The Mach number is the ratio of the mixture velocity U m to the speed of sound of the vapour, c v . Assuming the vapour pressure is sufficient to choke the flow, the mixture velocity U m is the mixture speed of sound c m :
Equations 5, 6, 7 and 8 can be solved iteratively to find ρ v , Ma, c m and α. Speeds of sound of the propellant vapour and liquid are obtained from Lemmon et al. (29) . Peak values of α l are 0.12 for HFA134a and 0.10 for HFA134a/ethanol.
At all times during the injection, the dominant volume component in the nozzle of the pMDI is vapour, confirming the findings of previous researchers (9, 13, 33) .
DISCUSSION Atomisation Mechanisms
Drug particles in pMDI aerosols are formed from droplets that are generated by atomisation of the sump's multiphase flow. Many of the droplets produced by the pMDI, with number mean diameters on the order of 5 µm (36), are at or below the resolution of the phase contrast images. Consequently, direct observation of their formation is not possible. For both formulations, the flow is dominantly atomised prior to the nozzle exit, though contiguous liquid is at times seen to extend outside the nozzle.
Atomisation upstream of the nozzle exit orifice can occur by a number of mechanisms. Shear driven by a velocity difference at liquid-vapour interfaces can produce droplets (2, 18) . Atomisation can also occur by strectching and rupture of bubbles and liquid as they enter the nozzle. Bubbles in the flow of the ethanol-containing formulation undergo a very large acceleration at the nozzle entry, and this acceleration is not uniform across the bubble. The liquid films separating them are likely to break under this strain. For those droplets generated on entry to the nozzle, governing parameters would include the bubble size relative to the nozzle diameter and the thickness of the liquid film.
Bubble nucleation and expansion can rupture the liquid phase in flashing sprays, giving rise to atomisation. This mechanism was proposed by Dunbar (13) as the atomisation mechanism in pMDIs. Direct observation of bubble nucleation and liquid phase rupture within the nozzle of the pMDI requires spatial and temporal resolutions higher than those of the presented measurements.
For both formulations, atomisation is initiated upon entry to the nozzle and progresses throughout. The inclusion of ethanol has the added effect of stabilising the spray. The filling and discharge of large volumes of liquid in the propellant-only case is substantially reduced in the ethanol-containing case. As large droplets in pMDI sprays contain large masses of drug and ultimately deposit in the oropharynx, suppression of their formation is of practical interest.
Absorption Coefficient Error
For the radiography measurements published here and in Mason-Smith et al. (33) , the absorption coefficient used is a mass-weighted average of the formulation components. It is implicitly assumed in this method that the beam pathintegrated mass concentrations of propellant and ethanol are equivalent to those of the formulation. This assumption is not always reasonable; multicomponent mixtures have liquid and vaporous phases with different compositions depending on the relative volatility of each component. This is the principle of distillation (17) . For the ethanol-containing discharge, the vapour will be almost entirely propellant and the liquid will have a higher ethanol concentration than the formulation. A change in composition is also associated with a change in absorption coefficient. Here we investigate the potential bias error associated with the absorption coefficient to ensure the finding of high vapour volume fraction in the nozzle is not dependent on the use of the formulation absorption coefficient.
Absorption coefficients of the liquid and vapour phases of equilibrium saturated mixtures of HFA134a and ethanol at 298 K are shown in Fig. 9 . The vapour is almost entirely composed of propellant for w l;eth up to 0.95, due to the large difference of relative volatilities for HFA134a and ethanol. Depending on the liquid-vapour mass fractions along the beampath, the projected mass estimated with Eq. 1 using the formulation absorption coefficient may not predict the true mass. The true absorption coefficient is bounded by the absorption coefficient of pure propellant, at most a 10% error for the formulation studied, and the absorption coefficient associated with the liquid, which will deviate from the formulation by small amounts near the start of injection and to a greater extent at late stages in the spray when flash boiling of propellant has reduced its concentration in the liquid phase. Within these bounds, the nozzle exit area is always dominantly occupied by vapour.
Mass Flowrates
Radiography provides a quantitative concentration measurement which can be related to the mass flowrate through a multiphase flow model. The mass flowrate is an important spray parameter that is difficult to measure directly.
A number of models exist for discharge of flashing sprays (44) . Applying the homogeneous frozen model (HFM), a mixture speed of sound c m is obtained using Eq. 8. For the results presented here, a constant vapour pressure and saturated liquid density are used. The vapour pressure gradually reduces as propellant flashing cools the mixture, and very late in the injection the pressure is insufficient to choke the flow (9, 14, 22) .
Applying the above assumptions, the mass flow rate m becomes:
where C D is the nozzle discharge coefficient:
Discharge coefficients account for the deviation between the measured flowrate and an idealised flow rate. Deviations from ideality arise from vena contracta effects reducing the effective discharge area, cavitation and/or flashing reducing the nozzle discharge density relative to the upstream chamber condition, and entropy generation in the flow (42) . For sharpedged orifices such as that for the nozzle entry here, if contraction effects are dominant, the ideal discharge coefficient is π= π þ 2 ð Þ(3,37), which is 0.61. Applying this ideal value of C D , the mass flowrate can be estimated from the volume fractions and the vapour density. The discharged spray mass can be predicted by timeintegration of m t ð Þ:
and the total mass discharged is m(t) at end-of-injection, which was chosen to occur when α v ¼ 1. The mass flowrate of the vapour phase is obtained by multiplying the mass flowrate by the quality q, which is equivalent to mass fraction for a homogeneous mixture:
The estimated mass flowrate and the cumulative mass discharged of each phase as functions of time are shown in Fig. 10 . The ratio of vapour-to-liquid discharged during the injection is 0.7 for HFA134a and 0.6 for the HFA134a/ Ethanol mixture. For both formulations, 50% of the liquid discharge occurs during the first 60 ms.
The spray mass m was measured experimentally for each formulation by weighing canisters before and after 55 sprays. Table III lists the measured and predicted discharge mass for each formulation, and shows good agreement. If the C D for sharp-edged orifices is applicable over the time-varying conditions of this flow, the mixture speed of sound predicted with Eq. 8 is a reasonable estimation of the ideal nozzle discharge velocity. This also suggests the radiography measurements can be used to provide a time-variant mass flowrate, a very difficult parameter to measure. Experimental validation is necessary to ensure thermodynamic models of pMDI sprays capture the relevant physics. The thermodynamic model of Clark (9) was validated with experimental pressure and temperature measurements inside the expansion chamber, and Dunbar (13) used phase-doppler particle analysis in the dilute spray regions far downstream of the nozzle. More recent efforts at extending thermodynamic modelling to multicomponent pMDI sprays (22) would benefit from experimental validation with measurements of physical spray parameters. The measurements and visualisations presented here have quantified the spray mass and revealed the internal flow structure, enabling the development and validation of a new multicomponent pMDI spray model.
CONCLUSION
The internal flows of pMDIs contain large volumes of vapour that originate upstream of the valve stem and dominate the volume in the expansion chamber. Propellant-only flows are characterised by a continuous vapour core that extends from the valve stem into the sump, and large droplets which are not in the respirable range are produced by liquid discharged from the nozzle when the base of the sump fills with liquid. The inclusion of ethanol substantially alters the internal flow structure by preventing bubble coalescence, additionally stabilising the spray. Quantification of the spray density showed that at all times in the injection the nozzle exit area is dominantly occupied by vapour, with peak liquid volume fractions around 10%. Combining radiography measurements with a multiphase flow model can predict the timevariant mass flowrate and provide experimental validation of thermodynamic models used for pMDI modelling. This research highlights the importance of the internal flow structure on spray formation from suspension and solution pMDIs. 
